Background/Aims: Previous diffusion tensor imaging (DTI) studies have shown microstructural changes in the brain white matter of at-risk mental state (ARMS) subjects for psychosis and patients with first-episode psychosis (FEP). However, only a few studies have been conducted in clinical high-risk samples and findings in both groups are inconsistent, in particular along the superior longitudinal fasciculus (SLF). Methods: This DTI study used tract-based spatial statistics (TBSS) to compare fractional anisotropy (FA) and mean diffusivity (MD) between ARMS subjects, untreated and antipsychotic-treated FEP patients and healthy controls (HC) across the whole brain and the SLF. Results: Compared to HC, ARMS and FEP patients showed increased FA and decreased MD in diverse regions across the whole brain including the SLF. FA in the SLF was positively correlated with positive psychotic symptoms in ARMS and FEP individuals. Furthermore, untreated but not treated FEP patients showed increased FA in the left inferior longitudinal fasciculus and right SLF. Conclusion: This study revealed increased FA and decreased MD in early stages of psychosis in widespread white matter tracts including the SLF. Our findings further suggest that microstructural changes in the SLF are probably related to state-dependent psychopathology.
Introduction
In recent years, there has been increasing interest in populations at high clinical risk of developing psychosis [1] . This research strategy offers a promising approach to establishing markers for the early detection of the illness and to tailor preventive interventions. These subjects with an at-risk mental state (ARMS) have a high probability of transitioning to overt psychosis (mostly schizophrenia spectrum disorders [2] ) within a short period (36% within 3 years of presentation) [3] . Brain imaging may provide a powerful tool to improve the specificity and validity of an ARMS diagnosis and to validate potential interventions prior to the onset of illness [4] . Although no reliable neuroimaging marker of any clinical utility in the psychosis spectrum has yet been established, studies have repeatedly indicated that abnormalities in brain connectivity may reflect a core pathophysiological mechanism for the onset of psychosis [5, 6] .
Diffusion tensor imaging (DTI) is a technique that can be used to detect microstructural changes in brain's white matter [7] . Previous DTI investigations reported that these changes may reflect a critical pathophysiological marker for schizophrenia [8] . Moreover, studies also revealed that abnormal white matter integrity between different brain regions is already evident before the onset of psychosis and further develops along the psychosis continuum [9] , which suggests that the assessment of white matter integrity may help to detect the transition from the high-risk state to established psychosis. The most commonly studied metrics in clinical DTI studies are fractional anisotropy (FA) and mean diffusivity (MD). FA measures the diffusion directionality of water molecules and is highest in compact white matter tracts, whereas MD is a measure of total water diffusion averaged over all directions (for a review see [10] ). Previous studies have consistently detected alterations in long association fibres, such as the superior longitudinal fasciculus (SLF), in early stages of psychosis, indicating that this may be the most vulnerable pathway that can influence the onset of the disease [11] . The SLF connects the frontal and parietal regions, among other regions, which are crucial for appropriate cognitive functioning [12] . Cognitive deficits as working memory impairments precede the onset of psychosis and may therefore provide valuable predictions of the course of the disease [13] . Evidence from functional magnetic resonance imaging has shown that modulation of fronto-parietal connectivity during working memory processing was gradually reduced from healthy controls to ARMS subjects and then to first-episode patients (FEP) [14] , suggesting that fronto-parietal connectivity changes in psychosis evolve along a dynamic trajectory, emerging before disease onset and developing with ongoing illness. DTI studies have shown reduced FA in the SLF in patients with FEP [15] , as well as in subjects at clinical [16, 17] or genetic high-risk of psychosis [18, 19] (for a review see [11] ). DTI studies have also observed increased MD in the SLF of genetic [18] and clinical high-risk individuals [17] .
However, these findings seem inconclusive as several studies also reported increased FA in the SLF across different stages of psychosis [20, 21] , whereas others found no changes [17, 22, 23] . A very recent DTI study in a large sample of drug-naïve FEP patients found increased FA and decreased MD in the SLF [24] . The inconsistency of these DTI findings may be caused by the heterogeneity of the clinical samples [25] , the different approaches to DTI analysis and the effects of treatment such as antipsychotic and antidepressant medication. Furthermore, it is important to note that several reports demonstrated a positive correlation between FA in the SLF and positive psychotic symptoms in schizophrenia patients [26] [27] [28] [29] , which indicates that FA in this pathway may be associated with state-related psychopathology.
In this study, we explored whether FA and MD were differentially expressed along the psychosis continuum. In particular, we used tract-based spatial statistics (TBSS) [30] to compare FA and MD between ARMS subjects, FEP patients (first treated as one group) and healthy controls across the whole brain and the SLF in particular. Findings were controlled for age, gender, antipsychotic and antidepressant medication, all of which are known to significantly affect DTI metrics [15, [31] [32] [33] . In a subsequent analysis, we explicitly addressed the effect of antipsychotic medication in FEP patients by comparing HC with untreated and antipsychotic-treated FEP patients only. In accordance with recent evidence [16, 17, 34] , we expected that FA would be decreased and MD increased in ARMS and FEP subjects relative to healthy controls and that FA in antipsychotic-treated FEP patients would be increased compared to untreated patients [15] . We further hypothesised that in ARMS and FEP individuals there would be a positive correlation between FA values in the SLF and positive psychotic symptoms [26] [27] [28] [29] .
Materials and Methods

Patients
We recruited 24 healthy controls (HC), 28 ARMS and 37 FEP subjects in our specialised clinic for the early detection of psychosis at the Department of Psychiatry, University of Basel (UPK), Switzerland. All participants provided written informed consent, and the study had research ethics committee permission.
We assessed subjects using the 'Basel Screening Instrument for Psychosis' (BSIP) [35] , the Brief Psychiatric Rating Scale (BPRS) [36] , the Scale for the Assessment of Negative Symptoms (SANS) [37] and the Global Assessment of Functioning (GAF). We additionally obtained current and previous psychotropic medication, as well as nicotine and illegal drug consumption, by using a semi-structured interview adapted from the Early Psychosis Prevention and Intervention Centre Drug and Alcohol Assessment Schedule (www. eppic.org.au). These exclusion criteria were applied to all groups: history of previous psychotic disorder; psychotic symptomatology secondary to an organic disorder; substance abuse according to ICD-10 research criteria; psychotic symptomatology associated with an affective psychosis or a borderline personality disorder; age under 18 years; inadequate knowledge of the German language; and IQ less than 70, measured with the "Mehrfachwahl-Wortschatz-Test Form B" (MWT-B) [38] . Besides clinical exclusion criteria, 4 ARMS subjects and 14 FEP patients had to be excluded due to MRI artefacts.
Inclusion required one or more of the following: a) attenuated psychotic-like symptoms, b) brief limited intermittent psychotic symptoms (BLIPS) or c) a first or second degree relative with a psychotic disorder plus at least two further risk factors for or indicators of beginning psychosis according to the BSIP screening instrument. Inclusion because of attenuated psychotic symptoms required that change in mental state had to be present at least several times a week and for more than 1 week (a score of 2 or 3 on the BPRS hallucination item, or 3 or 4 on BPRS items for unusual thought content or suspiciousness). Inclusion because of BLIPS required scores of 4 or above on the hallucination item, or 5 or above on the unusual thought content, suspiciousness or conceptual disorganisation items of the BPRS, with each symptom lasting less than one week before resolving spontaneously. After the baseline assessment, the ARMS subjects were followed up clinically and received standard psychiatric case management. At the time of writing, 5 of 24 included ARMS individuals have transited to psychosis (transition rate 21%; average duration of clinical follow-up was 33.3 months). All ARMS individuals were antipsychotic-naïve, while 11 were treated with antidepressants (1 with fluoxetine, St. John's wort and duloxetine, 2 with venlafaxine and mirtazapine and 3 with escitalopram).
FEP patients were defined as subjects who met the operational criteria for first-episode psychosis according to the ICD-10 or DSM-IV [39] , but not yet for schizophrenia [40] . Inclusion required scores of 4 or above on the hallucination item or 5 or above on the unusual thought content, suspiciousness or conceptual disorganisation items of the BPRS [40] . The symptoms had to have occurred at least several times a week and persisted for more than one week. The mean duration between the first screening and DTI scanning in FEP patients was 24 months (SD 33). Thirteen of the included 23 FEP patients were not receiving antipsychotic medication (10 were antipsychotic-naïve, 3 antipsychotic-free). Ten FEP patients were receiving low dose antipsychotic treatment at the time of scanning and of unknown duration (missing data) (6 quetiapine: 25 mg (n = 2), 100 mg (n = 2), 300 mg (n = 1) and 1000 mg (n = 1); 2 olanzapine with 5 mg (n = 2); 1 aripiprazole with 5 mg and 1 clozapine with 300 mg). 7 FEP patients were also treated with antidepressants (1 with citalopram, sertraline and venlafaxine and 2 with escitalopram and paroxetine).
We recruited HC from the same geographical area as the other groups. HC had no current psychiatric disorder, no history of psychiatric illness, head trauma, neurological illness, serious medical or surgical illness, substance abuse, and no family history of any psychiatric disorder as assessed by an experienced psychiatrist in a detailed semi-structured clinical interview.
Image acquisition and preprocessing of DTI data
Subjects were examined using a 3T magnetic resonance imaging scanner (Magnetom Verio, Siemens Healthcare, Erlangen, Germany) at Basel University Hospital. DTI data were acquired during 10 minutes, based on a single-shot echo planar imaging sequence with the following parameters: echo time/repetition time = 95/9200 ms, field of view = 320 mm and 54 axial slices of 2.5 mm slice thickness covering the whole brain with an in-plane resolution of 2.5 x 2.5 mm 2 . In addition, a 12-channel radio frequency head coil was used, as well as GRAPPA parallel imaging with an acceleration factor of 2, with phase partial Fourier of 6/8. In total, 30 isotropically distributed diffusion weighted directions with b-values of b = 900s/mm 2 and one single reference image with b = 0s/mm 2 were acquired twice as two averages. DTI analysis was performed using FMRIB Software Library (FSL, version 5.0.7, www.fmrib.ox.ac.uk/ fsl). In a first step, FSLView was used to visually check for potential artefacts in all directions. Directions displaying poor image quality (e.g. pulsation artefacts, venetian blind artefacts, inter-slice and intra-slice intensity artefacts, motion artefacts or extreme signal loss due to distortion issues) were subsequently excluded from further analysis. When subjects presented more than 10% bad directions, the complete data set was excluded from further image processing. For this reason, 4 ARMS and 14 FEP patients had to be consistently excluded from our analysis. Preprocessing was done with the FMRIB's Diffusion Toolbox. DTI data were corrected for effects of motion and image distortions due to eddy currents, by using an affine registration to the b = 0s/mm 2 volume [41] . b-vectors were rotated according to the eddy current correction matrix. A brain mask was then created to separate brain from non-brain tissue with the Brain Extraction Tool, and DTIFIT was used to reconstruct the diffusion tensor model at each pixel and extract the FA and MD values.
Tract-based spatial statistics (TBSS)
TBSS was applied for voxel-wise analysis of DTI data [30] . In brief, FA images were first aligned to the Montreal Neurological Institute 152 space, using nonlinear transformation and affine registration. In a further step, the mean FA image and skeleton were created, while the skeleton represents the alignment invariant diffusion tracts common to the subjects included. In the last step, the mean FA skeleton was thresholded at 0.2 and each subject's aligned FA data was projected onto this skeleton. These TBSS steps were analogously repeated for MD values.
Between-group statistical analysis
For voxel-wise comparisons of FA and MD values across the 3 groups (HC, ARMS and all FEP patients together), we used a 1-way analysis of variance with cluster-based permutation (5000) tests (Randomise [42] ). A family-wise error (FWE) correction for multiple comparisons was performed, and threshold-free cluster enhancement was implemented [43] . Given that Randomise corresponds to a 1-sided t test, we considered findings at p < 0.025 as significant in order to test 2-sided. We included age, gender, antipsychotic and antidepressant medication as covariates in the statistical analysis, all of which are known to significantly affect DTI metrics [15, [31] [32] [33] . Group comparisons were performed across the whole brain and the SLF bilaterally. For the latter approach, we created a binary mask of the FA/MD skeleton with the SLF tract taken from the JHU White Matter Tractography Atlas [44] . To explicitly probe differences between HC, untreated (n = 13) and treated (n = 10) FEP patients, a subsequent TBSS and randomise analysis was performed. Finally, partial correlation analysis with the control for age, gender and antidepressant medication was used to test the relations between FA values in the SLF and positive psychotic symptoms (indexed with the BPRS items 9, 10, 11 and 15) in ARMS subjects. In FEP patients, correlations were controlled for age, gender, antidepressant and antipsychotic medication. Cook's distance test was used to control for outliners for each correlation analysis (one FEP outliner).
Whole Brain TBSS results
FA differed significantly between HC, ARMS and FEP patients (treated as one group) across the whole brain. Post-hoc testing showed that ARMS individuals exhibited increased FA in several brain regions, with the most affected tracts including the right anterior thalamic radiation, left inferior fronto-occipital fasciculus, superior longitudinal fasciculus and uncinate fasciculus compared with HC (Fig. 1A) . FEP patients revealed increased FA in the left inferior longitudinal fasciculus relative to HC (Fig. 1B) . No tracts with decreased FA in ARMS and FEP subjects were found compared to HCs.
Comparison of MD across these three groups showed significant differences in all tracts of the brain. In particular, t tests demonstrated significantly decreased MD in ARMS subjects in various brain regions, with the most affected tracts including the left inferior longitudinal fasciculus, inferior fronto-occipital fasciculus, superior longitudinal fasciculus and the right Inferior longitudinal fasciculus compared with HC (Fig. 1C) . No tracts with increased MD in ARMS were found compared with HC and no differences between FEP and HC at all. For details of regions see Table 2 . Table 1 . Clinical and demographic characteristics of the study sample
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SLF tracts
FA in the right and left SLF differed significantly between HC, ARMS and all FEP patients. Subsequent post-hoc testing showed that ARMS individuals had increased FA in the right and left hemisphere compared with HC ( Fig. 2A and B) . FEP patients revealed no differences in the SLF compared with HCs. There were also significant inter-group MD differences in the right and left SLF. Post-hoc analysis showed decreased MDs in ARMS and FEP subjects in the right SLF compared with HCs ( Fig. 2C and D) . ARMS subjects had also decreased MD in the left SLF relative to HC (Fig. 2E) . No increase in MD was found in ARMS and FEP subjects relative to HCs. For details of clusters with respect to differences in FA and MD along the SLF, see Table 3 .
Effect of antipsychotic medication
Comparing HC, untreated and antipsychotic-treated FEP patients across the whole brain, we found that untreated but not antipsychotic-treated FEP patients had increased FA in the 
Discussion
This study explored FA and MD among HC, ARMS and FEP subjects by controlling for the confounding effects of both antipsychotic and antidepressant medication. This is important as both medications can affect FA [15, 33] . Furthermore, to explicitly address antipsychotic medication, a subsequent analysis was also performed to compare HC with antipsychotictreated and untreated FEP patients. Given the high relevance of SLF in emerging psychosis [11] , the whole brain analysis was completed by a region of interest analysis along the SLF.
At the whole brain level, we found increased FA in the right anterior thalamic radiation, forceps major, inferior fronto-occipital and longitudinal fasciculus and left inferior frontooccipital fasciculus, uncinate fasciculus and SLF in ARMS subjects relative to HC. Considering the SLF in particular, ARMS individuals exhibited increased FA in the bilateral SLF. These findings are in line with a previous report in genetic high-risk subjects showing increased FA values in the right frontal gyri [20] , but contrasts with evidence in clinical high-risk subjects detecting decreased FA in the left SLF [16, 31] , and the left inferior fronto-occipital fasciculus [16] . There is also a previous study that found no whole brain FA differences in clinical highrisk subjects compared with HC at all [17] . We further found decreased MD in ARMS subjects in the left inferior longitudinal and fronto-occipital fasciculus. There is only one other study that investigated MD in clinical high-risk subjects, which found increased MD in the right SLF [17] . Inconsistencies between studies with high-risk samples may result from different methods of data analysis [45] , or depend on whether there was adjustment for different covariates. With respect to the latter point, our DTI findings in ARMS were controlled for age, gender and antidepressants, whereas other studies that reported contrasting FA [16] and MD findings [17] did not adjust for any of these variables [16] or medication effects [17, 31] . Another important point that complicates comparison between studies is the high clinical heterogeneity of high-risk samples [25] . Furthermore, a crucial issue is the ratio of converters to non-converters in each study, as this may reflect a different level of risk of the sample investigated. In our sample, only five of the 24 participants developed a psychosis (by 14.9 months in average), so that we dispensed with a subgroup analysis because of limited power. Thus data from large-scale longitudinal multicentre studies with a higher ratio between converters and non-converters are required to eventually ascertain whether FA is a valuable marker to detect subsequent transition to psychosis.
When controlled for the effect of antipsychotic medication in FEP patients, we found increased FA in the left inferior longitudinal fasciculus compared with HC. We also found decreased MD in the right SLF if the analysis was restricted to this region. This study further indicates that structural integrity along the SLF is probably associated with statedependent psychopathology in emerging psychosis. In particular, we found that FA in the bilateral SLF and right SLF was associated with positive psychotic symptoms in FEP and ARMS individuals, respectively. Consistent with these findings in early stages of psychosis, a previous DTI reported a positive correlation between FA values of the left frontal part of the SLF and the severity score of auditory hallucinations in the hallucinating patient group [26] . Consistently, it has been shown that the propensity to experience auditory hallucinations was associated with relatively increased FA in the SLF in schizophrenia patients [26, 27] and that FA in the arcuate fasciculus, a part of the SLF were positively related to positive symptoms in schizophrenia patients [29] . A positive association between positive psychotic symptoms and FA values in the superior and inferior longitudinal fasciculi and inferior frontooccipital fasciculus has also been detected in never-medicated patients with schizophrenia [28, 46] . Thus our findings extend previous evidence in chronic psychosis by showing that the relation between positive psychotic symptoms and FA in the SLF is already evident in emerging psychosis.
After dissociating antipsychotic-treated from untreated FEP patients, we found increased FA in the left inferior longitudinal fasciculus and right SLF relative to HC only in untreated but not treated patients. The same was evident in the right SLF. It is important to note that we found no differences between treated and untreated FEP patients in accordance with another cross-sectional study [47] . In contrast to our FA findings, no MD differences whether across the whole brain level or the SLF between treated and untreated FEP patients compared to HC were found, may suggesting that FA and MD are modulated differently by antipsychotic treatment. The FA increases in the right SLF of untreated FEP patients resonance with a very recent study in a large sample of in drug-naive FEP patients compared to healthy subjects [24] and with a previous meta-analysis showing that white matter in tracts passing the right SLF is increased in FEP [21] . However, another study in drug-naïve FEP patients has reported decreased FA in the right SLF [48] . This study thus contributes further to the current debate as to whether FA is decreased or increased in psychosis [11, 49] , may indicating diverse pathological dynamics of structural connectivity.
Some limitations of this study should be considered. The small samples sizes regarding antipsychotic-treated and untreated FEP together with the cross-sectional design limits interpretation about treatment effects. A recent DTI study showed that FA findings in FEP depended on the size of the studied sample [34] . More longitudinal study designs with large sample and uniform medication strategies, given that atypical and typical antipsychotics may differentially affect myelination in patients [50] , are needed to draw robust conclusions on treatment responses. Future studies should also address comorbidities as they could be major sources of hetereogeneity in the biology of high-risk samples [51] . Another limitation is that our groups showed differences in IQ and GAF scores, which may have confounded our DTI findings. Furthermore, we did not explicitly examine group differences along other tracts such as the corticospinal tract or inferior longitudinal fasciculus to control the specificity of our SLF findings. However, the here presented whole brain approach in combination with an a priori defined region of interest analysis of the SLF (with subsequent correlations on those values), both repeated twice to further explore medication effects reflect already an extensive investigation. Finally, we did not acquire T2-weighted images to control for white matter hyperintensities and/or lesions, which might have affected our findings.
